Objectives: Our study provides phase-specific cost estimates for pancreatic cancer based on stage and treatment. We compare treatment costs between the different phases and within the stage and treatment modality subgroups.
Introduction
Approximately 56,770 new cases of pancreatic cancer and 45,570 deaths are expected in the United States in 2019. [1] Its average 5-year survival rate is 8.5%, the lowest of all cancers as reported by the Surveillance, Epidemiology, and End Results (SEER) Program. [2, 3] Due to changing demographics and trends in incidence and death rates, pancreatic cancer is projected to become the second leading cause of cancer-related death by 2030. [4] Of the current treatments for pancreatic cancer, only surgical resection is potentially curative. Because pancreatic cancer is initially asymptomatic and difficult to detect with existing screening methods, 75% to 80% of patients present with advanced disease at diagnosis and do not qualify for surgery. Furthermore, the post-surgery 5-year survival rate is a discouraging 15% to 20%. [5, 6] Systemic therapies for metastatic disease have remained minimally effective over the last few decades, [4] and pancreatic cancer is considered resistant to new immunotherapy treatments. [6, 7] Given the projected rise in disease burden through 2030, there is intense interest in developing novel treatment methods.
Combination chemotherapy regimens have improved progression-free and overall survival, both in the metastatic and adjuvant setting. [8] [9] [10] [11] Targeted therapy, such as PARP inhibitors for BRCA2 germline mutations, are being actively investigated. [12, 13] These regimens, however, have clear cost implications, due to the use of newer, more expensive agents and the longer duration of active therapy. In addition, opting for best supportive careand thereby foregoing expensive treatments that can place economic pressure on health care systems while worsening a patient's quality of lifemay be considered as a legitimate alternative to later-line chemotherapy for metastatic patients. [14] [15] [16] Studies have shown that as recently as 5 years ago, almost 40% of newly diagnosed pancreatic cancer patients in the US opted solely for best supportive care without any cancer-directed therapy. [17] As more treatment options become available for pancreatic cancer patients, it will be necessary to assess the trade-off between costs and survival benefits associated with each available cancer intervention option. To better assess these trade-offs, improved understanding of the costs of current modalities is needed.
While costs of pancreatic cancer care have previously been estimated using medical claims data, [18, 19] a comparison of the costs of different treatment modalities (surgery, chemo, chemoradiation) has not, to our knowledge, been published to date. In this study, we allocated total, patient-liable, and cancer-attributable costs for pancreatic cancer patients into 4 phases of care and compared costs within and between treatment modalities and stages at diagnosis. We compared treatment costs between the different phases and within the stage and treatment modality subgroups.
Materials and methods

Cancer patient inclusion/exclusion criteria
Our observational analysis included 20,917 Medicare beneficiaries aged 66 and older who were diagnosed with pancreatic cancer between 2000 and 2011, captured using the Surveillance, Epidemiology and End Results (SEER)-Medicare database. SEER, a resource of the National Cancer Institute, includes clinical, demographic, and cause-of-death information from 18 cancer registries across the US, representing about 28% of the US population. [20] Medicare provides health insurance coverage for approximately 97% of Americans aged 65 or older. [21] The SEER-Medicare database links these 2 databases for patients 65 and older, with approximately 95% of patients 65 and older in the SEER files linked to the Medicare enrollment file. [21] A detailed description of SEER-Medicare can be found at https:// healthcaredelivery.cancer.gov/seermedicare/.
Patients were excluded from our study if they had previous or subsequent cancer diagnoses other than pancreatic cancer, if cancer stage at diagnosis was not recorded, if diagnosis was made at autopsy, or if the date of diagnosis was unknown. Patients were excluded if they were not continuously enrolled in both Medicare Part A and Part B coverage during the 15 months before cancer diagnosis through death or the end of 2013, if they received Medicare benefits because of disability or end-stage renal disease (as they may not be representative of the general population), or if they enrolled in a Health Maintenance Organization (HMO) at any time during the study period. We defined cancer stage using the SEER stage variable for the sixth edition of the American joint Committee on Cancer (AJCC) Cancer Staging Manual and mapped those diagnosed between 2000 and 2003 to the appropriate AJCC 6th edition stage using the SEER variables for extension of disease and lymph node involvement and excluded patients with unknown stage. Finally, we excluded patients with discrepancies of greater than three months between the date of death recorded in Medicare and the date of death recorded in SEER, those who had costs with unknown claims dates, and those with any post-death costs.
Matched control cohort
Control subjects were beneficiaries from the random sample of 5% of all Medicare enrollees who were aged 65 years and older, were not diagnosed with any cancer, and were continuously enrolled in Medicare Part A and B through the study period. Patients were excluded if they were also enrolled in an HMO. We matched these control patients to pancreatic cancer patients within each phase on an individual level (1:1) by sex, 5-year age group, and SEER registry region (Northeast, South, Midwest, West). [22] By taking each pancreatic cancer patient's costs and subtracting the costs of a comparable patient without cancer, we were able to create estimates of the average cancer-attributable costs of pancreatic cancer patients.
Treatment modalities
The identification of treatment modalities for patients diagnosed with stages I-III pancreatic cancer was based on treatment(s) received during the 2 months before cancer diagnosis through 6 months after diagnosis. We considered the 2 months before diagnosis to account for treatments given to symptomatic pancreatic cancer patients who had not yet been diagnosed with pancreatic cancer, as well as for possible errors in treatment dates recorded in the claims data. Treatment groups for stage IV patients were defined by treatment(s) ever received before death or the end of the study period. Patients who were not actively treated with surgery, radiation, or chemotherapy were defined as having received best supportive care. Patients remained in their stage and treatment group throughout the study. For example, a stage I patient who received chemoradiation but no surgery within the specified time defined above remained in the chemoradiation group. A full list of treatment codes can be found in Table, Supplemental Digital Content 1, http://links.lww. com/MD/D454, which includes all codes used.
Phases of care
We allocated costs into 4 phases of care-staging (or surgery), initial, continuing, and terminal ( Fig. 1 ). [22] [23] [24] One month was defined as 30 days for all calculations. Each patient who received surgery had a 1-month surgery phase, beginning on the date of major surgery. In our data, over half of patients (56.4%) received surgery within 1 month of diagnosis; therefore, the varying amount of time between diagnosis and surgery dates was excluded. Patients who did not receive surgery had a 1-month staging phase beginning on the date of diagnosis; the stage of cancer was determined during this time. This 1-month staging phase was based on typical practice at our institution. Subsequently these patients had an initial, continuing, and terminal phase, defined in the same way as for surgery patients. The one-month staging, or surgery, phase was followed by a 6month initial phase, a continuing phase varying in length between patients depending on how long each survived, and a 3-month terminal phase ending on the date of death. Patients who survived beyond the end of 2013 were not considered to have a terminal phase. For patients who died too early to have had all 4 phases of care, time and costs were first allocated to the terminal phase, followed by the surgery or staging phase, and, lastly, the initial phase. For example, a pancreatic cancer patient who died 9 months after diagnosis would contribute 3 months to the terminal phase, 1 month to the staging (or surgery) phase, and 5 months to the initial phase.
Previous studies allocating cancer treatment into phases of care in the US have used varying lengths of time to define the terminal phase. Some have, for example, defined this period as 6 or 12 98:49 Medicine months long. [22] [23] [24] Since pancreatic cancer has a high mortality rate, with few patients surviving beyond 12 months after diagnosis, we chose to use a 3-month terminal phase. For a full account of the reasoning behind our choice, see the Figure Since control noncancer subjects did not have cancer diagnoses, they were each randomly assigned a "pseudodiagnosis" date that matched the diagnosis date of one of the pancreatic cancer patients. [22] . Control patients were assigned to two phases of care-the continuing phase and the terminal phase. The terminal phase was defined as the last 3 months of life and the continuing phases was defined as all months between the "pseudodiagnosis date" and terminal phase. Cancer patients who died of cancer were matched to continuing control subjects, and cancer patients who died of other causes were matched to terminal control subjects to best reflect cancer-attributable costs. [22] Average monthly costs of care were calculated for each phase for control subjects in the same manner as for cancer patients.
Cost of cancer care
Total and patient-liability costs were allocated to each phase of care, for each patient. Costs were defined as the sum of Medicare reimbursements (payments from Medicare to the service provider), co-insurance reimbursements (payments from a coinsurer to the service provider), and deductibles and co-payments billed to patients. Patient-liability costs paid out-of-pocket at the time of service could not be differentiated from those paid by a purchased Medigap policy, insurance sold by private companies to help cover coinsurance, copayment, and deductible costs. [25] Cancer-attributable costs for each patient were estimated for the initial, continuing, and terminal phases. These costs were determined by subtracting the matched noncancer patient's average monthly phase costs from the pancreatic cancer patient's average monthly phase costs. Cancer-attributable costs incorporate not only the direct cost of cancer treatment, but also other healthcare costs incurred during phases of treatment beyond the average patient's healthcare costs. As cancer-attributable costs are expected to account for most costs in the 1-month surgery and staging phases, only total and patient-liability costs are reported for these phases.
Costs were converted to constant 2018 US dollars by adjusting Part A claims using the Centers for Medicare and Medicaid (CMS) Prospective Payment System Hospital Price Index and Part B claims using the Medicare economic index. [26, 27] All mean cost estimates reported are per month unless otherwise noted.
Statistical analysis
For each individual patient, total, patient-liability, and cancerattributable costs were calculated. We report the mean monthly cost estimates and 95% confidence intervals (CI) for each phase of care; we stratified by AJCC 6th edition, the standard before 2010. (Cost estimates by historic stage are found along with those by AJCC stage in the Tables, Supplemental Digital Content 3-6, http://links.lww.com/MD/D456.) We do not report treatment modality costs where less than 10% of patients within a stage group received that treatment, except for best supportive care costs, which are shown for all groups. Multiple linear regression models using log transformation were fit to estimate population average costs for each phase, stage at diagnosis, and treatment modality. Scaled calendar year (calendar year-2000), age, and an interaction term for year and age were included as independent variables in the models and were dropped, using backwards stepwise selection, until all terms in the model were significant at the a = . Regression Results. The cost estimates in initial and continuing phases were calculated using the selected linear regression model with age variable set to the median age at diagnosis (70 years) and the year variable set to 18 (calendar year 2018). [28] For cost estimates in the terminal phase, median age at death (72 years) was used. [28] All analyses were performed using SAS 9.4. Our study was approved by the Institutional Review Board at Massachusetts General Hospital.
Results
Patient characteristics
Our cohort of 20,917 pancreatic cancer patients had a median (25th, 75th percentile) age of diagnosis of 76 (71, 81) and included 9580 (45.8%) males. Most patients (82.5%) were non-Hispanic White. Over one-half (53.7%) were diagnosed at stage IV, and only 7.8% were diagnosed at stage I. Among treatment modalities, the highest number of patients received best supportive care (32.6%), while only 17.2% of patients received surgery (either alone or with another form of treatment). A full list of descriptive characteristics is listed in Table 1 .
The majority of patients (20, 354 ; 97.3%) had died by the end of the study period. Of these, 17,508 (86.0%) had died of their pancreatic cancer, and an additional 228 (1.1%) had an operative death. The median (25th, 75th percentile) survival among patients who died of pancreatic cancer was 4.9 months (2.1, 10.3). Among all patients, 15,017 (71.8%) had survival times of 10 months or less; these patients had no designated continuing phase. 9229 (44.1%) patients lived 4 months or less after their diagnosis. These patients had no designated initial or continuing phases.
The mean (95% CI) phase length (in months) for each phase within each stage is reported in Table 2 . Among stage I patients who contributed to the phase, the mean lengths were 4.80, 25.45, and 2.70 months for the initial, continuing, and terminal phases, respectively. For stage II, the mean lengths were 4.80, 17.11, and 2.73 months for the initial, continuing, and terminal phases, respectively. Stage III patients had mean lengths of 4.43, 10.84, and 2.69 months for the initial, continuing, and terminal phases, respectively. Stage IV patients had the lowest mean lengths-3.54, 7.77, and 2.30 months for the initial, continuing, and terminal phases, respectively.
Mean stage-specific costs
Mean (95% CI) monthly total cost estimates for each stage are shown in Figure 2 . Total cost estimates were highest in the staging phase, decreased in the initial and continuing phases, and increased again in the terminal phase. This trend was seen in all stages. Total, cancer-attributable, and patient-liability cost estimates by stage and phase are reported in (Table,  Supplemental Digital Content Table 3 , http://links.lww.com/ MD/D456). Differences in staging costs may be partially attributed to treatment regimens received within this month.
Total cost during the surgery phase
Costs estimates for the 1-month surgery phase for AJCC stage are reported in Table 2 and historic stage are reported in 
Cancer-attributable costs of treatment during the initial phase
Costs estimates, including those attributable to cancer, during the 6-month initial phase for stage and treatment subgroups are shown in Results from the linear regression models showed that mean cancer-attributable costs either were unaffected by year or increased over the study period. These costs were largely unaffected by age. Exceptions were stage II patients who received either chemoradiation or all 3 treatments, and stage III patients who received radiation, where costs decreased with increasing age, and stage I patients who received best supportive care, in which cost estimates increased with age. Tables of parameter  estimates are found in the Tables, Supplemental Digital 
Cost by treatment modality during the continuing phase
Monthly treatment cost estimates during the continuing phase are shown in Table 3 for AJCC stage and Table, Supplemental Digital Content 5, http://links.lww.com/MD/D456 for historic stage. Only 25% of patients had a continuing phase of at least 1 month. Among these patients, the median (25th, 75th percentile) phase length was 8.8 months (4.0, 20.0). Overall, monthly costs were lower during the continuing phase than the initial phase. Average monthly cancer-attributable costs among patients who received active treatment ranged from $1503 (95% CI: $1079-$1926) for stage I patients who received surgery to $6630 (95% CI: $3868-$9393) for stage II patients who received radiation; stage II radiation patients had a 340% higher mean cost than those who received surgery. As with the initial phase, monthly cancer-attributable costs were primarily highest among patients receiving chemoradiation, with the exception of patients diagnosed with stage II disease, who had the highest costs if they received radiation. Patient liability costs ranged from $361 (95% CI: $300-$423) to $1179 (95% CI: $1124-$1235).
Cancer-attributable costs for stage I patients were not affected by age or year in the linear regressions. In contrast, cancerattributable costs for stage II patients overall increased during study period and for older patients.
Terminal phase costs
Most patients had terminal phase costs, with approximately 44% having costs only in this phase and the staging (or surgery) phase. Monthly treatment cost estimates for the 3-month terminal phase are shown in Table 4 . Overall, costs in the terminal phase were higher than both the initial and continuing phases. The average cancer-attributable costs for patients who received active treatment ranged from $9133 (95% CI: $8100-$10,165) for stage III patients who received chemotherapy to $16,206 (95% CI: $13,469-$18,943) for stage II patients who received surgery. Cancerattributable costs for stage IV patients were above $11,000 for all treatment groups. Patients liability costs ranged from $696 (95% CI: $581-$835) to $1137 (95% CI: $869-$1489). In the linear regression models, the cancer-attributable costs were unaffected by age or decreased for older patients and remained stable or increased during the study period (with the exception of a decrease among stage I chemoradiation patients). Similar results are reported for historic stage in 
Discussion
In this study, we derived phase-specific cost estimates for pancreatic cancer patients using SEER-Medicare data. Overall, costs were high during the 1-month staging and surgery phases, decreased over the initial and continuing phases, and increased during the patients' three-month terminal phase. This pattern was observed in all stage and treatment subgroups. The high costs in the 3-month terminal phase is consistent with studies that show high rates of aggressive care, such as intensive care admissions and ongoing chemotherapy treatment, in the final months of life among pancreatic and other cancer patients. [16, [29] [30] [31] [32] Average Table 3 Mean monthly cost estimates by stage at diagnosis by treatment modality, and significant predictors of cancer-attributable costs during the initial and continuing phases * . A positive (+) symbol indicates that the covariate in the regression model has a parameter estimate greater than 0, while a negative (À) symbol indicates that the parameter estimate is less than 0. Except for best supportive care costs, treatment modality costs are not shown if less than 10% of patients within a stage received that treatment. CI = Confidence Interval. monthly patient-liability costs were typically highest for patients who received chemoradiation or radiation, possibly due to the higher number of visits associated with these treatments. Mean cancer-attributable initial phase costs among stage I patients ranged from $2232 for those who received surgery to $9860 for those who received chemoradiation. Costs during the continuing phase range from $1503 for those who received surgery to $6053 for those who received radiation. This is unsurprising since many surgery patients received their treatment within the first month after diagnosis (surgery phase), while chemoradiation patients typically receive their treatment over several months. A similar trend was seen for stage II patients. Nearly half of stage III patients received chemoradiation, and these patients had the highest mean cancer-attributable costs in the initial and continuing phases. The majority of stage IV patients received chemotherapy, either alone or with radiation. Their monthly cancer-attributable costs where higher than those of stage IV patients on best supportive care in both the initial and continuing phases. Mean terminal phase cancer-attributable costs for stage IV patients were high in all treatment subgroups, ranging from $11,641 to $14,410 for chemotherapy and radiation patients, respectively.
Cancer
Overall, pancreatic cancer care costs did not decrease over time for this population. Our linear regression models found that cancer-attributable costs either remained stable or increased over the study period. Cancer-attributable costs were generally either unaffected by patient age or observed as decreasing with advancing age. One notable exception was seen in the continuing phase for stage II patients, whose cancer-attributable costs generally increased with age. It is possible that this is due to the relative paucity of new treatments available during the study timeframe, which included patients diagnosed from 2000 to 2011. Since that time, there have been substantial changes in the chemotherapy and radiation therapy options available to patients, including nab-paclitaxel, gemcitabine combination therapy, and FOLFIRINOX. In addition, radiation treatment options have changed, with stereotactic body radiation therapy (SBRT) becoming increasingly popular. These treatments are often more expensive than older regimens; the monthly cost of FOLFIRINOX, for example, is greater than that of gemcitabine monotherapy (Medicare average sales price of $8142 versus $1534 adjusted to 2018 dollars). [33] While pancreatic cancer treatments may have changed, stagespecific survival has not varied greatly over time. Pancreatic cancer remains one of the most fatal cancers, with a current 5year survival rate of 8.5% among all stages. Overall 5-year survival rates for patients diagnosed between 2010 and 2014 are 28.9%, 12.7%. 3.1%, and 2.0% for stages I, II, III, and IV, respectively. [34, 35] This is only a modest improvement from rates for patients diagnosed between 2005 and 2009 (24.6%, 10.6%, 3.4%, and 1.7% for stages I, II, III, and IV, respectively). [34, 35] Even if overall survival does change by stage, the phase-specific monthly costs can be used for comparisons.
Previous studies have calculated pancreatic cancer care costs by phase of care or care utilization. [18, 19] Our estimates for the total cost of terminal care, which range from $32,748 to $57,432 over 3 months, appear higher than those estimated by Kaye 2018, which reported a $17,141 annual cost for terminal care. This difference can likely be attributed to the definition of the terminal phase employed by Kaye. The study considered 10 different ). We believe our definition allows us to more accurately determine costs of this financially distinct phase of pancreatic cancer care. Our estimates showed decreasing costs with increasing age for many of our treatment and stage subgroups, a finding that is consistent with the Kaye study.
High cost estimates are observed in the surgery phase, as is consistent with O'Neill 2012, which reported high costs for patients with resectable disease. While the O'Neill study provides important information on costs of health care services, it does not provide detailed costs based on AJCC stage or phase of care. These data are particularly important to cancer control policy decision makers and as cost-effectiveness modeling inputs. The O'Neill costs were also reported in 2009 dollars; our study provides cost estimates in 2018 dollars.
As pancreatic cancer is projected to become the second-leading cause of cancer-related death by 2030, the burden of treatment will continue to grow. As a result, targeted screening based on specific patient risk factors to improve rates of early diagnosis and survival have been a topic of much discussion and scientific investigation among clinicians and population scientists. [36, 37] A possible shift in stage distribution at diagnosis will, in turn, affect treatment patterns, as patients diagnosed earlier in their disease course will generally have more treatment options and greater life expectancies than those diagnosed later. As a result, the rates at which patients undergo cancer-directed treatment is expected to rise. A comprehensive and detailed understanding of costs associated with treatments, such as those provided by our analysis, will allow for accurate estimates of current and future costs.
A strength of our study is that it provides comprehensive cost estimates for pancreatic cancer patients that are phase-specific and at the stage and treatment level. Our study is, however, subject to certain limitations inherent in the use of observational SEER-Medicare claims data, such as the exclusion of patients younger than 65. The regression models we developed from our SEER-Medicare analysis are based only on patients over age 65. Although one could extrapolate these results in predicting treatment costs for younger pancreatic cancer patients, these models have not been validated using a younger population. However, only 33% of pancreatic cancer patients are diagnosed prior to age 65. [28] As SEER does not collect data from all state cancer registries, our results may not be generalizable to a specific state or the entire US population.
Additionally, we do not have information on patients who received care through their HMO; therefore, our costs may not be representative of the HMO population. We do not have information on whether patient-liability costs were paid outof-pocket or covered by Medigap. It is possible that misclassification of costs by phase of care may have occurred, resulting in less accurate estimates. For example, a patient who died in January 2014 will not have any costs in the terminal phase because our study end date was December 31, 2013. SEER-Medicare files do not contain information on confirmation of payment; however, total reimbursement amounts are set by CMS and health care providers are required by law to collect the entire amount. Our regressions are intended to compare time trends and therefore do not contain additional clinical covariates that may explain the variability in costs. Lastly, our study lacks information on newer pancreatic treatment regimens, such as FOLFIRINOX, because we do not have access to claims for patients diagnosed after December 2011.
In conclusion, our study provides greater detail about the economic burden of pancreatic cancer than has been previously published, highlighting the differences in monthly cost by stage of disease, treatment modality, and treatment phase. Perhaps most notably, pancreatic cancer care costs were estimated to increase during the last 3 months of life. These cost estimates can serve as important foundational data for healthcare systems and cancer control policy leaders amid efforts to guide resource allocation for cancer care and research in the future. They can be used in cost-effectiveness analyses to compare current and newer treatment modalities, which can inform practicing clinicians and health policy makers on which treatments are most costeffective options for the health care system.
